The major challenge for progressive multiple sclerosis therapy is the promotion of remyelination from inflammation-induced demyelination. A switch from an M1-to an M2-dominant polarization of microglia is critical in these repair processes. In this study, we identified the homeobox gene msh-like homeobox-3 (Msx3) as a new pivotal regulator for microglial polarization. MSX3 was induced during microglia M2 polarization and repressed in M1 cells. The expression of MSX3 in microglia was dynamically regulated during experimental autoimmune encephalomyelitis (EAE), which is an animal model of multiple sclerosis. The overexpression of MSX3 in microglia promoted M2 but impeded M1 polarization. Interrupting MSX3 expression in microglia accelerated inflammation-induced demyelination and neurodegeneration. The conditioned medium from MSX3-transduced microglia promoted oligodendrocyte progenitor survival, differentiation, and neurite outgrowth. The adoptive transfer of MSX3-transduced microglia suppressed EAE and facilitated remyelination within the murine CNS in EAE and the LPC model. Mechanically, chromatin immunoprecipitation assays also indicated that MSX3 directly regulated three key genes associated with microglia M2 polarization, including Pparg, Stat6, and Jak3. Importantly, we found that overexpression of MSX3 in human-derived microglia represents the M2 phenotype and ameliorated EAE after intraventricular injection. Our findings suggest a new homeobox protein-dependent mechanism for driving microglia M2 polarization and identify MSX3 as an attractive therapeutic approach for preventing inflammation-induced demyelination and promoting remyelination.
Introduction
Multiple sclerosis (MS) is an autoimmune CNS demyelinating disease. Most patients with MS have an initial relapsingremitting neurologic symptom that later develops into a secondary progressive course of irreversible disability (Trapp and Nave, 2008) . Extensive remyelination that is observed only during the early stages of MS but that is impaired in the later stages might be the leading cause of this shift (Scolding et al., 1998) . The failure of effective remyelination in progressive MS is considered to be a result of axonal degeneration (Zamvil and Steinman, 2003) and a differentiation block of oligodendrocyte progenitors (Kuhlmann et al., 2008; Shen et al., 2008) in chronic MS lesions.
Recently, microglia (MG) were demonstrated to be polarized to play different roles in regulating neuron and oligodendrocyte progenitor functions (Minghetti, 2005; Rasmussen et al., 2007; Peferoen et al., 2014) . Microglia can be polarized into a proinflammatory and neurotoxic phenotype (M1) under stimulation with lipopolysaccharide, interferon-␥ (IFN␥), or interleukin-17A (IL-17A), whereas IL-4 or IL-13 induces a state of immunological regulation phenotype (M2), which secretes anti-inflammatory cytokines and growth factors that promote oligodendrocyte progenitor differentiation and that protect neurons from damage (Butovsky et al., 2006; Kigerl et al., 2009; Liao et al., 2012; Miron et al., 2013) . M1 microglia exist in all types of MS lesions (Miron et al., 2013) . The number of M1 microglia correlates with the extent of axonal damage (Bitsch et al., 2000; Rasmussen et al., 2007; Miron et al., 2013) , but M2 densities only increased in acute active lesions and in the rim of chronic active lesions where efficient remyelination occurs (Miron et al., 2013) . A block in the M1 to M2 switch may contribute to remyelination failure in chronic inactive MS lesions (Miron et al., 2013) .
Manipulating polarization phenotypes of microglia might be a promising therapeutic strategy for treating MS (Butovsky et al., 2006) ; however, our understanding of the transcriptional mechanism of the M2 polarization pathway remains limited. In this study, using comparative gene profiling of differentially activated microglia, we identified msh-like homeobox-3 (Msx3) as a particularly upregulated homeobox gene in M2 polarized microglia.
MSX3 expression is reported to be highly restricted in the developing neural tube (Shimeld et al., 1996) and might be associated with generation of dorsal interneurons (Liu et al., 2004) . However, whether this gene is involved in microglia polarization is unclear.
In the present study, MSX3 was found to drive microglia to adapt an M2 phenotype. MSX3-overexpressed microglia promoted the maturation of oligodendrocyte precursors and remyelination, protected neurons from injury, and prevented experimental autoimmune encephalomyelitis (EAE) progression, whereas the ablation of MSX3 in microglia induced the apoptosis of oligodendrocyte precursors, abrogated neuroprotection, and exacerbated EAE pathology. Mechanistically, MSX3 was found to control the expression of key proteins in M2 polarization, including JAK3, STAT6, and PPAR␥. These findings established MSX3 as an important microglia polarization regulator, suggested a previously unknown signaling mechanism of MSX3 function, and provided a promising therapeutic approach for treating demyelinating diseases.
Materials and Methods
Animal experiments. All animal experiments were performed in adherence with the National Institutes of Health Guidelines on the Care and Use of Laboratory Animals and approved by the Second Military Medical University Committee on Animal Care. For EAE induction, female C57BL/6 mice (8 -10 weeks) were subcutaneously immunized with MOG (GL Biochem) in complete Freund's adjuvant containing heat-killed Mycobacterium tuberculosis (H37Ra strain; Difco). Pertussis toxin (Calbiochem-EMD Chemicals) in PBS was administered intraperitoneally on days 0 and 2. Mice were blindly examined daily for disease signs by independent researchers and were assigned scores on a scale of 0 -5 as follows: 0, no clinical signs; 1, paralyzed tail; 2, paresis; 3, paraplegia; 4, paraplegia with forelimb weakness or paralysis; and 5, moribund state or death. For the focal demyelination model, a spinal cord lesion was induced as described previously (Arnett et al., 2004; Luo et al., 2014) . Briefly, 1 l of 1% L-a-lysophosphatidylcholine (LPC; lysolectin; SigmaAldrich) in 0.9% sodium chloride solution was microinjected into the dorsal column at T11-T12 spinal cord of C57BL/6 mice (8 -10 weeks), followed by a laminectomy. The day of LPC injection was designated as day 0 (0 dpl). Lesion volumes were calculated by the lesion area from serial sections throughout the entire lesion based on the equation for volume of cylinder (volume ϭ lesion area ϫ length of lesion). For stereotactic transplantation of microglia in the EAE model, A small hole was drilled into the mouse skull, and a 10 l Hamilton syringe with a 29 gauge needle was inserted into the right lateral ventricle (bregma, Ϫ0.7; lateral, 1.2; ventral, 2.4). For transplantation of microglia in the LPC-induced focal lesion model, a laminectomy was performed, and microglia were injected in the same area using the above paradigm at 3 dpl. For both models, microglia (1 ϫ 10 6 cells in 10 l) were injected at a flow rate of 1 l/min.
Isolation of microglia derived from the spinal cord. The spinal cords of normal or EAE mice were isolated, homogenized, filtrated, centrifuged, and suspended in 70% Percoll (GE Healthcare) and overlaid with 37 and 30% gradient. After centrifugation, the majority of mononuclear cells, found in the interface of 37 and 70% Percoll, were collected. These cells were incubated with a mouse CD16/CD32 antibody (BD Biosciences) for 5 min and surface stained with PE-labeled CD45 and FITC-labeled CD11b antibodies according to the manufacturer's instructions (BD Biosciences). CD45 ϩ /CD11b ϩ cells were then assessed and sorted on a Moflo XDP (Beckman Coulter) .
Cell cultures. CNS mixed glial cell cultures were generated and cultured in DMEM/F-12 containing 10% fetal bovine serum (D10; Invitrogen) and an antibiotic mixture (1% penicillin/streptomycin; Invitrogen) at 37°C and 5% CO 2 for 10 d. For the purification of microglia, cultures were shaken for 6 h at 180 rpm at 37°C to collect microglia. For polarization, microglia were stimulated with IL-4 (10 ng/ml), transforming growth factor-␤1 (TGF-␤1; 5 ng/ml), IFN␥ (100 ng/ml), or IL-17A (10 ng/ml; R&D Systems) for 24 h.
Primary human microglia (HM1900) were purchased from ScienCell Research Laboratories and cultured in D10 medium with 10 ng/ml macrophage-colony stimulation factor (Sigma-Aldrich).
Purified oligodendrocyte precursor cells (OPCs) were isolated by collecting the floating fraction of 10-d-old mixed glial cultures after the depletion of microglia as described above, with a 16 h incubation on a rotary shaker at 37°C at 210 rpm, and after the depletion of microglia and astrocytes by differential adhesion in uncoated Petri dishes for 1 h at 37°C and 5% CO 2 . The collected OPCs in D10 medium were then plated at densities between 50,000 and 5000 cells/cm 2 and maintained at 37°C and 5% CO 2 . OPCs were grown in Neurobasal medium with 2% B27 (Invitrogen) and 10 ng/ml biotin (Sigma-Aldrich) with 5 g/ml N-acetyl cysteine (Sigma-Aldrich). OPCs were treated with microglia conditioned medium (CM), which was added in a 1:1 ratio to OPC culture medium.
Hippocampi and cortices were dissected from E18 rat embryos. After digestion, neural cells were suspended and seeded at 5 ϫ 10 4 cells per well. Neurons were cultured with Neurobasal medium/B27 and microglia conditioned medium in a 1:1 ratio for 24 -72 h.
Cytotoxicity and apoptosis assay. The viability of OPCs was evaluated by measuring lactate dehydrogenase (LDH) activity in the medium using a CytoTox96 nonradioactive assay (Promega) according to the manufacturer's protocol. Cells were stained with Annexin V-FITC and 7-AAD using a Cell Apoptosis Analysis kit (Sungene). The percentage of apoptotic cells was calculated from the proportion of 7-AAD Ϫ /Annexin V ϩ cells using a flow cytometer FC500 (Beckman Coulter). Lentiviral transduction. The coding sequence of MSX3 (MSX3OE) or GFP alone (CtrlOE) was ligated into the GV287 plasmid (GeneChem). The siRNAs for MSX3 (MSX3i) or GFP alone (Ctrli) were ligated into the pGCL-GFP plasmid (GeneChem). The sequence for the control siRNA was as follows: 5Ј-TTCTCCGAACGTGTCACGT-3Ј. The sequences for MSX3 siRNA were as follows: 5Ј-GAGCATCTCAGATCTCCCATT-3Ј, 5Ј-CAGGGTTAGGATGCTCTGGTT-3Ј, and 5Ј-AATCCGGACTTGTA CCTTTAT-3Ј. Titers of concentrated viral particles ranged between 1 ϫ 10 8 and 1 ϫ 10 9 transducing units/ml. Lentiviral particles were added on day 2 to cultured microglia. The supernatant was removed 24 h after infection and replaced with D10 medium. Quantitative PCR (qPCR) analyses verified that lenti-MSX3i downregulated the level of MSX3 mRNA in microglia from nonstimulated or IL-4 treated groups (MG Microarray. Total RNA was isolated from primary microglia using the RNeasy micro kit (QIAGEN), following the manufacturer's instructions, and examined for RNA integration using a Bioanalyzer 2100 (Agilent). The microarray analysis was performed using the Affymetrix GeneChip Mouse Genome 430 2.0 Arrays. The arrays were hybridized, washed, and scanned according to the standard Affymetrix protocol. The gene chip tests were performed by Shanghai Biochip Company. The raw data were normalized using the MAS 5.0 algorithm in GeneSpring software (version 11.0; Agilent). The logged expression values were adjusted by subtracting the raw-wise median and by subjecting to hierarchical clustering using TM4-MEV software (MultiExperiment Viewer).
RNA isolation and qPCR. Total RNA was extracted from spinal cord or from the primary cell culture using Trizol (Invitrogen). First-strand cDNA was synthesized using a RevertAid First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Fermentas). Quantitative PCR was performed on a MyiQ Real Time PCR system (Bio-Rad). Gene expression was expressed as the mRNA level, which was normalized to that of a standard housekeeping gene (Gapdh) using the ⌬⌬CT method.
Chromatin immunoprecipitation. Chromatin immunoprecipitation (ChIP) was performed using an EZ ChIP Chromatin Immunoprecipitation kit (Millipore) according to the manufacturer's protocol. Briefly, 2 ϫ 10 6 microglia were transduced with lenti-MSX3OE for 72 h and fixed with formaldehyde to a final concentration of 1%. Cross-linked chromatin was sonicated into 200 -1000 bp fragments and immunoprecipitated using anti-Flag (Huabio) antibodies. Normal mouse IgG was used as a negative control. Quantitative PCR was conducted on an MyiQ Detection System. Western blot analysis. Primary cell cultures were homogenized in RIPA buffer that was supplemented with protease cocktail inhibitors (Roche). Cell lysates were subjected to Western blot analysis using anti-MSX3 (Abcam), anti-inducible nitric oxide (iNOS; Sigma-Aldrich), antiphospho-STAT6 (phospho Y641; Abcam), anti-STAT6 (Abcam), Anti-JAK3 (Abgent), or anti-PPAR␥ (Santa Cruz Biotechnology) antibody. The protein bands were analyzed and quantified using densitometry and an Image-Pro Plus analysis (Media Cybernetics) normalizing phosphorylated or no modified protein to GAPDH bands.
ELISA. The concentration of insulin-like growth factor-1 (IGF-1; R&D Systems), IL-1␤ (Neobioscience), TGF-␤ (Uscn Life Science), and activin-A (Uscn Life Science) were detected using an ELISA according to the manufacturer's instructions. Absorbance was read at 490 nm on a spectrophotometer, and sample concentrations were calculated using an equation generated from a standard curve.
Immunocytofluorescence staining. Cells or tissue sections were fixed, permeabilized, and incubated with primary antibodies [MBP (Millipore), MAP2 (Sigma-Aldrich), or NF-H (Millipore Bioscience Research Reagents)] overnight at 4°C, followed by incubation with TRITC-conjugated or FITC-conjugated secondary antibody (Jackson ImmunoResearch) and counterstained with Hoechst33342 (SigmaAldrich). Fluorescence images were captured using fluorescence microscopy (DXM1200; Nikon) and quantified using Image-Pro Plus (Media Cybernetics).
Hematoxylin and eosin and Luxol fast blue staining. Lumbar or thoracic spinal cords were isolated and cut into cryosections (14 -20 m thick) for immunohistochemistry. One of every six successive sections was collected from each animal. One pool of the sections was stained with Luxol fast blue (LFB) and counterstained with 0.5% neutral red. Another pool of the sections was stained with hematoxylin and eosin (H&E) solution and mounted in Permount (Fisher Scientific). Scoring for LFB or H&E sections was performed using blind examination by independent readers. At least four animals for each time point in different treated groups were included in one experiment, and 10 sections were examined per animal for each individual analysis. Three independent experiments were performed.
Transmission electron microscopy. Briefly, spinal cords of mice were fixed in 2.5% glutaraldehyde for 2 h, postfixed in 1% osmium tetroxide for 45 min, dehydrated, and embedded in Araldite resin. Sections (1 m) were stained with toluidine blue. Ultrathin sections (60 nm) were stained in uranyl acetate and lead citrate. Samples were visualized using a transmission electron microscope (H-7650; Hitachi) at 100 KV.
In situ hybridization. Antisense and sense digoxigenin-labeled cRNA probes were synthesized with a DIG-RNA labeling kit (Roche) with linearized templates of MSX3 cDNA 90 -704 (GenBank accession number NM_010836) containing T7 and T3 promoters. In situ hybridization was performing according to the previous report (Guo et al., 2008) .
Statistical analysis. The data were analyzed using one-way ANOVA with Tukey's post hoc test in multiple groups. The EAE model was analyzed using the nonparametric Mann-Whitney U test to compare two groups or the Kruskal-Wallis test with Dunn's post hoc test to compare three groups. The data are presented as mean Ϯ SEM unless otherwise indicated. The value of p Ͻ 0.05 was considered statistically significant.
Results

The homeobox gene Msx3 is induced during microglia M2 polarization
To determine the transcriptional factors that are involved in microglia M2 polarization, we induced the primary microglia to M1 or M2 polarization and performed cDNA microarrays to compare gene expression patterns of differently polarized cells. The volcano plots show genes that are regulated (more than twofold and p Ͻ 0.05) after 10 ng/ml IL-4 or 100 ng/ml IFN␥ treatment, including the M1 or M2 marker genes (Fig. 1A, arrows) . The nucleus transcriptional factors that were selectively upregulated in M2 cells were analyzed (Fig. 1B) . Notably, Msx3 is the only homeobox gene that is upregulated in M2 microglia (Fig. 1B) . Western blot analysis consistently indicated MSX3 protein could hardly be detected in nonstimulated or IFN␥-stimulated microglia but was significantly increased after IL-4 stimulation (MSX3/ GAPDH ratio: IL-4, 1.80 Ϯ 0.18 vs IFN␥, 0.91 Ϯ 0.04; one-way ANOVA with Tukey's post hoc test: IL-4, p ϭ 4.2E-6; IFN␥, p ϭ 0.001; df ϭ 8; Fig. 1C ). The level of MSX3 in microglia was further determined on different T-lymphocyte-associated cytokine stimulation. Quantitative PCR analyses verified that IL-4 enhanced MSX3 expression, whereas IFN␥ decreased the MSX3 level. A slight increase in MSX3 expression was shown after TGF-␤1 treatment, and strong downregulation was shown after exposure to IL-17A. Of these stimuli, IL-4 led to the most significant increase in mRNA levels of MSX3 in microglia in vitro (one-way ANOVA with Tukey's post hoc test: IL-4, p ϭ 8.9E-7; TGF-␤1, p ϭ 0.002; IL-17A, p ϭ 4.1E-5; IFN␥, p ϭ 3.7E-6; df ϭ 14; Fig.  1D ). In contrast, neither IL-4 nor IFN␥ induced robust changes in BMP2 mRNA (data not shown). Furthermore, we detected the time course expression of MSX3 after stimulation with IL-4. The level of MSX3 mRNA increased with a peak expression ϳ24 h after IL-4 stimulation (fold change, 12.36 Ϯ 1.21; unpaired t test, p ϭ 1.9E-4; df ϭ 4; Fig. 1E ).
MSX3 expression in microglia is dynamic regulated during EAE
The expression level of MSX3 in CD11b ϩ CD45 low microglia ( Fig. 1F ) was then analyzed at the mRNA level in the spinal cord tissue of mice with MOG-induced EAE at the preclinical phase (day 11 after immunization), at the peak of the diseases (day 16 after immunization), and at the chronic phase (day 40 after immunization). In control mice, there was a low level of MSX3 expression in microglia. In the EAE mice, MSX3 mRNA expression was unchanged at the preclinical phase, increased in microglia at the peak of disease (fold change: EAE/CFA, 12.29 Ϯ 1.76; unpaired t test, p ϭ 8.1E-4; df ϭ 4), and persisted at lower levels during the chronic phase (fold change: EAE/CFA, 1.89 Ϯ 0.37; unpaired t test, p ϭ 0.027; df ϭ 4). Consistent with the expression pattern of MSX3, mRNA levels of the M2 marker Retnla (also known as FIZZ-1) were also increased in microglia in mice with EAE at the peak of disease (fold change: EAE/CFA, 117.90 Ϯ 18.10; unpaired t test, p ϭ 8.0E-4; df ϭ 4; Fig. 1G ).
MSX3 regulates microglia polarization
Microglia de-ramification and attenuated process motility are correlative responses after microglia M1 polarization (Kettenmann et al., 2011 ) displayed a branched, ramified morphology (data not shown).
These observations prompted us to explore whether the regulation of MSX3 expression in microglia resulted in phenotypic or in functional changes. IGF-1, MRC1 (also known as CD206), and FIZZ-1 were used as markers to define M2 polarization, whereas IL-1␤, inducible nitric oxide (NOS2, also known as iNOS), and tumor necrosis factor-␣ (TNF-␣) were used to define M1 polarization (Szanto et al., 2010). We found that interfering Figure 1 . Expression of MSX3 is dynamically regulated in microglia during EAE. A, Screening of microglia genes that are differentially expressed after IL-4 (10 ng/ml) or IFN␥ (100 ng/ml) treatment. The volcano plots showing genes that are regulated (more than twofold and p Ͻ 0.05) after IL-4 or IFN␥ treatment for 24 h. Probes for some M1 or M2 marker genes are shown (arrows). B, Heat map of the nuclear genes that are upregulated after IL-4 treatment ( p Ͻ 0.05) and that are downregulated ( p Ͻ 0.05) or unchanged after IFN␥ treatment for 24 h. Untreated microglia (Ctrl) were used as the control. C, Western blot analysis of MSX3 expression in microglia after no stimulation, IFN␥ stimulation, or IL-4 stimulation for 24 h. n ϭ 3 blots. MSX3 is 22 kDa. D, MSX3 mRNA expression from microglia stimulated with TGF-␤1 (5 ng/ml), IL-4 (10 ng/ml), IL-17A (10 ng/ml), and IFN␥ (100 ng/ml) for 24 h. E, The time course of MSX3 mRNA expression on microglia stimulated with IL-4 (10 ng/ml). C-E, *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.005 versus MSX3 in naive microglia. F, Flow cytometry analysis of microglia isolated from the spinal cord of EAE mice. Mononuclear cells were isolated, stained for CD11b and CD45, and analyzed using FACS. CD11b ϩ CD45 low resting microglia (a), CD11b ϩ CD45 hi -activated microglia and peripheral macrophages (b), and CD11b Ϫ CD45 hi lymphocytes (c) are shown. G, Relative MSX3 and FIZZ-1 mRNA expression in microglia from spinal cord of control mice (CFA without MOG) and EAE mice on day 11 (preclinic), day 16 (EAE peak), or day 40 (chronic EAE) after induction. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.005 versus microglia from control mice. n ϭ 8 mice per group. AU, Arbitrary units. The data are represented as the mean Ϯ SEM.
with MSX3 expression in microglia decreased IGF-1, CD206, and FIZZ-1 mRNA levels but increased IL-1␤, iNOS, and TNF-␣ mRNA expression (Fig. 2 A, B) . In contrast, MG MSX3OE experienced an increase in IGF-1, CD206, and FIZZ-1 mRNA and a decrease in IL-1␤, iNOS, and TNF-␣ mRNA (Fig. 2C,D Fig. 3A) . These results indicated that loss function of MSX3 in microglia induced early apoptosis and accelerated cell death of OPCs.
We then explored whether regulating MSX3 expression in microglia could affect the differentiation of OPCs. The CM from Fig. 3 B, C) .
Former studies have identified a number of M2-derived factors that have potential to promote the maturation and survival of OPCs, such as TGF-␤ (McKinnon et al., 1993) , activin-A (Miron et al., 2013), and IGF-1 (Carson et al., 1993; Mason et al., 2003) . To identify an M2 cell-derived regenerative factor, we took a candidate approach and investigated these factors in the MG MSX3OE .
Here, using qPCR analysis, we found the levels of activin-A and IGF-1 mRNAs were increased in the MG MSX3OE compared with that in MG CtrlOE (Fig. 3H ) . In contrast, we did not observe a significant difference on levels of TGF-␤ mRNA between these two groups. Accordingly, we found the protein levels of both activin-A and IGF-1 were increased in the conditioned medium of MG MSX3OE compared with that in MG CtrlOE (activin-A: MG MSX3OE , 110.34 Ϯ 9.58 pg/ml vs MG CtrlOE , 42.89 Ϯ 1.42 pg/ ml; p ϭ 1.97E-5; df ϭ 6; IGF-1: MG MSX3OE , 7.79 Ϯ 0.40 ng/ml vs MG CtrlOE , 4.31 Ϯ 0.43 ng/ml; p ϭ 1.13E-7; df ϭ 10). We did not find a significant difference of TGF-␤ between these two groups at the protein level (MG MSX3OE , 60.42 Ϯ 4.55 pg/ml vs MG CtrlOE , 64.34 Ϯ 5.70 pg/ml; p ϭ 0.388; df ϭ 6; Fig. 3I ).
Thus, MSX3 in microglia is crucial to the viability and maturation of OPCs in vitro, at least partly by secreting activin-A and IGF-1. Fig. 3 F, G) . In contrast, even after 72 h of incubation with the CM from MG MSX3OE , most of the neurons still displayed a normal morphology with integrated neurites (Fig. 3D) Fig. 3D ).
MSX3 controls microglia-mediated neurotoxicity and neurite outgrowth
MSX3-transduced microglia regulate inflammation-induced demyelination in vivo
To determine the impact of MSX3 on inflammation-induced demyelination in vivo, we induced EAE in C57BL/6 mice and transplanted MSX3-modified microglia into the right cerebral ventricle (Fig. 4A) Fig. 5 A, C) also confirmed the observation.
MSX3-transduced microglia supports axon survival during inflammation-induced demyelination
To explore the role of MSX3 in axonal degeneration during inflammation-induced demyelination, neurofilament (NF) immunofluorescent staining was used to visualize the surviving axons in lumbar spinal cord. We found that transplantation of MG Fig.  5 A, B) .
MSX3-transduced microglia promotes remyelination in vivo
Considering less demyelination (Fig. 4C,D) may be attributed to an effect of the MG MSX3OE on the immune reaction (Fig. 4 E, F ) , to discern whether more myelinated nerve fibers remaining (Fig.  5) were the result of promoting the remyelination or just alleviating the demyelination, MG MSX3OE was transplanted in EAE mice after the peak phase (on day 22 after immunization), and the remyelination was determined at the chronic phase (on day 40 after immunization). We found transplantation of MG MSX3OE promoted EAE recovery and alleviated the clinical symptoms of ongoing EAE compared with transplantation of control microglia (MG CtrlOE ; decreased average daily score from day 22 to day 40, Kruskal-Wallis test with Dunn's post hoc test: MG MSX3OE vs MG CtrlOE , p ϭ 5.66E-11; df ϭ 2; Fig. 6A ). We then performed the electron microscopy (EM) analysis on day 40 after immunization. EM analysis showed that more thin myelin sheaths, a morphological hallmark of remyelination, were present in the ventral column of spinal cords in the MG MSX3OE group compared with that of the MG CtrlOE group (Fig. 6B) . A higher percentage of myelinated axons (one-way ANOVA with Tukey's post hoc test, p ϭ 4.60E-13; df ϭ 165; Fig. 6C ) and a lower g-ratio (axon diameter/fiber diameter; one-way ANOVA with Tukey's post hoc test, p ϭ 4.68E-13; df ϭ 133; Fig. 6D ) were determined in MG MSX3OE -transplanted mice than in MG CtrlOE -transplanted mice. To avoid the influences of MG MSX3OE on inflammation, the LPC-induced focal demyelination model was also performed. A local LPC lesion was generated in the dorsal spinal cord, followed by transplantation of microglia at 3 dpl. LFB staining illustrated that the volume of the demyelinated lesions in the MG MSX3OE group was significantly smaller than lesions in the MG CtrlOE group at 11 dpl, and a more extensive remyelination was observed at 15 dpl (Fig. 7A) . Analysis of total lesion volume supported that, although no significant difference of lesions was observed in these two groups at 3 or 7 dpl (at 3 dpl: MG MSX3OE Fig. 7B ). We then performed the EM analysis at 11 and 15 dpl. EM analysis showed that more thin myelin sheaths were , microglia transduced with overexpression control lentivirus (CtrlOE MG), or microglia transduced with MSX3 overexpression lentivirus (MSX3OE MG). The sections were stained for neurofilaments using an anti-NF antibody (green) and for myelin using an anti-MBP antibody (red). The dashed line indicates the lesion boundary of demyelination, where the loss of NF staining (green) and the reconstruction of MBP (red) are accompanied by increased numbers of infiltrating cells (Hoechst, blue). In contrast, scarce infiltration is observed outside the dashed line with increased NF and normal MBP staining. B, Axon damage was shown by quantifying the intensity of NF staining (green). C, Demyelination was assessed by quantifying the intensity of the MBP staining (red). *p Ͻ 0.05; ***p Ͻ 0.005. Scar bar, 100 m. Figure 6 . Ameliorating EAE progression and promoting remyelination by overexpressing MSX3 in microglia. EAE mice were given injections of PBS (Sham EAE), MSX3 overexpressing microglia (MSX3OE MG), or control lentivirus-transduced microglia (CtrlOE MG) into the right lateral ventricle (day 22 after immunization). A, The clinical score of EAE was shown for each transplantation group. The data represent average disease scores from five to eight mice per group, using Kruskal-Wallis test with Dunn's post hoc test. ***p Ͻ 0.005 versus CtrlOE MG or sham EAE group. B-D, Overexpression of MSX3 in microglia promoted remyelination in spine cords. Spine cords from each group (MSX3OE and CtrlOE) of EAE mice were harvested at 40 d after EAE induction. The ventral column of the L4 lumbar spine cords was examined. B, Representative electron micrographs of the demyelinated lesions of spinal cords at 40 d after EAE induction. The presence of thin myelin sheaths (remyelination, arrows) was observed in both the MSX3OE MG and CtrlOE MG groups. In contrast, the normal thick myelin sheaths (arrowheads) were observed in naive mice. Original magnification, ϫ700; high magnification, ϫ1500. Scale bars: top, 5 m; bottom, 2 m. C, Quantification of myelinated axons among total axons. D, Mean g-ratio (axon diameter divided by entire myelinated fiber diameter) was determined using ImageJ software. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.005 versus control, as indicated. Data are the mean Ϯ SEM, using one-way ANOVA with Tukey's post hoc test. Five to eight mice (40 d after EAE induction) from each group were analyzed. present in the dorsal column of spinal cords in the MG MSX3OE group compared with that of the MG CtrlOE group (Fig. 7C) (Figs. 3, 5 ) and promote remyelination (Figs. 6, 7) , thus preventing disease progression.
Overexpression of MSX3 in human-derived microglia represents the M2 phenotype and ameliorates EAE after intraventricular injection
To determine whether MSX3 could affect the polarization of human-derived microglia, the mRNA level of M2 markers (IGF-1 and CD206) and the M1 marker (TNF-␣) were analyzed in human microglia transduced with lentivirus encoding the MSX3 CDS sequence (HM MSX3OE ). Twenty-four hours after transduction, levels of both IGF-1 (unpaired t test, p ϭ 0.021; df ϭ 6) and CD206 (unpaired t test, p ϭ 0.017; df ϭ 6) were increased (Fig. 8A) , whereas the level of TNF-␣ decreased (unpaired t test, p ϭ 0.007; df ϭ 10; Fig. 8B ) compared with the control. Moreover, the progression of EAE was mitigated after transplanting HM MSX3OE 8 d after immunization (Fig. 8C) . The average daily score in the HM MSX3OE group decreased significantly 16 d after disease induction (Mann-Whitney U test, p ϭ 0.014; Fig. 8C ). Consistently, the lumbar segment of the spinal cord of HM MSX3OE group mice displayed mild demyelination (MG MSX3OE , 1.15 Ϯ 0.32% vs MG CtrlOE , 7.13 Ϯ 1.05%; unpaired t test, p ϭ 2.53E-7; df ϭ 10; Fig. 8 
MSX3 plays an essential role in the regulation of microglial polarization via PPAR␥ and the JAK/STAT6 pathway
To explore the mechanisms of MSX3 on microglia, we used ChIP analysis to investigate whether MSX3 could interact with the promoter areas of genes that are involved in M2 polarization, such as Pparg, Stat6, Cebpb, Jak1, Jak3, and Ptpn1 (also known as Ptp1b) . MSX3 directly interacted with the Pparg, Stat6, and Jak3 promoters ( Fig. 9A-C) . Although STAT6 was a direct substrate of PTPN1 and was sensitive to JAK1's regulation (Lu et al., 2008) , no direct MSX3 binding was found between these two genes promoters in ChIP analysis (data not shown). Moreover, we did not detect any interaction between MSX3 and the promoter of Cebpb (Ruffell et al., 2009; data not shown 
Discussion
MSX3 is a homeobox transcription factor affecting dorsal neuron generation during development (Liu et al., 2004) . The biological functions of MSX3 in immune cells have not been studied. The present study revealed a novel function for MSX3 to enhance the M2 polarization of microglia through the direct gene induction of known M2 key transcription factors. We have also shown that MSX3-transduced microglia promoted the maturation of OPCs in vitro and remyelination in vivo, prevented neurons from damage, and ameliorated the clinical symptoms of EAE. The data suggested a new approach for treating demyelinating diseases by MSX3-transduced human microglia.
Msx3 is the third member of the murine Msx homeobox gene family, which is homologous to the msh gene of Drosophila (Shimeld et al., 1996) . Previous studies illustrated that MSX3 expression is limited to the dorsal neuroepithelium of the developing CNS (Wang et al., 1996; Mehra-Chaudhary et al., 2001; Liu et al., 2004) . Interestingly, the maximal expression of MSX3 has been shown to occur in embryos between 10.5 and 12.5 d postcoitus (Matsui et al., 2004) , which coincides with the time when microglia are transferred into both the cephalic mesenchyme and the neuroepithelium of the CNS (Ginhoux et al., 2010) . However, whether this molecule is expressed in microglia remains unknown. Our study demonstrated that MSX3 was expressed in MSX3OE and MG CtrlOE groups. C-G, EM analysis of remyelination in the MG MSX3OE and MG CtrlOE groups at 11 and 15 dpl. C, Representative electron micrographs of the remyelinated areaofspinalcords.ThedorsalcolumnofthelesionedspinecordswereexaminedbyEM,basedonthe 1 m coronal sections of toluidine blue. The presence of thin myelin sheaths (remyelination) was observed in both the MG MSX3OE and MG CtrlOE groups. Scale bar, 4 m. D, Quantification of myelinated axons among total axons. E, The mean g-ratio at 11 or 15 dpl was determined using ImageJ software. F, G, Analysis of the myelinated axons showed a reduction of the g-ratio in spinal cords in the MG MSX3OE groups (red) compared with the MG CtrlOE groups (blue) at 11 dpl (F) and 15 dpl (G). *p Ͻ 0.05; ***p Ͻ 0.005 versus control, as indicated. Data are the mean Ϯ SEM, using one-way ANOVA with Tukey's post hoc test. Over 100 axons were counted per mouse. Five to eight mice from each group were analyzed. Figure 9 . MSX3 promotes PPAR␥, STAT6, and JAK3 expression in microglia. A-C, MSX3 interacts with promoters of Pparg, Stat6, and Jak3 in primary cultured microglia. The enrichment of MSX3 on the promoter of the genes indicated was determined using ChIP qPCR in MSX3-overexpressed microglia 72 h after transduction, confirming a direct interaction between MSX3 and promoters of Pparg (A), Stat6 (B), and Jak3 (C). In contrast, no direct interaction between MSX3 and promoters of Jak1, Ptp1b, or Cebpb was detected. The data are shown as the means Ϯ SEM of three independent experiments. **p Ͻ 0.01 versus the IgG control. D-F, qPCR analysis of PPAR␥, STAT6, and JAK3 mRNA in microglia. G-I, Immunoblot analysis of the expression of PPAR␥, phospho-STAT6, STAT6, and JAK3 in MSX3 RNAi microglia with or without IL-4 stimulation and their controls. J-L, Immunoblot analysis of the expression of PPAR␥, phospho-STAT6, STAT6, and JAK3 in MSX3-overexpressed microglia and its control. Scanning densitometry was quantified and normalized to the control on the same Western blots. GAPDH expression was analyzed from the same samples as an internal control for all Western blots. Representative blots are shown from three independent experiments. The data are shown as means Ϯ SEM of three independent experiments. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.005 versus control, as indicated. AU, Arbitrary units.
FIZZ-1; however, MSX3 impeded M1 polarization by downregulating TNF-␣, IL-1␤, and iNOS. Moreover, the CM from MSX3-transduced microglia was shown to promote oligodendrocyte maturation and remyelination and support neuritis outgrowth.
Axonal degeneration and blockage of OPC differentiation are main characteristics of chronic MS lesions (Ruckh et al., 2012) . Recent research has also shown that another important finding in chronic lesion is the lack of M2 polarized microglia (Miron et al., 2013) . Importantly, manipulating the polarization phenotypes of microglia protects from inflammation-induced neurodegeneration and demyelination (Ponomarev et al., 2011) . In the present study, we found that transplantation of MSX3-transduced mouse microglia into the lateral ventricles could alleviate inflammationinduced neurodegeneration and demyelination, ameliorate clinical symptoms, and induce remyelination from chronic EAE and that transplantation of MSX3-transduced microglia into the spinal cord could promote remyelination in the LPC-induced focal lesion. We also demonstrated that MSX3 could not only drive the M2 polarization of mouse microglia but also induce the M2 phenotype of human-derived microglia and that MSX3-transduced human microglia ameliorated EAE after intraventricular injection. These results were interesting because mouse M2 typically activates genes, including Arg1, Fizz-1, and Chil3 (also known as Ym-1; Lawrence and Natoli, 2011), which were not induced in human M2 cells (Lawrence and Natoli, 2011; Martinez et al., 2013) , indicating a slight difference in the signaling pathway between human and mouse microglial polarization. The observation that MSX3 could promote the M2 polarization of both mouse and human microglia indicates that MSX3 serves as a key element in the microglia polarization pathway.
Together, this study highlights MSX3 delivery into localized microglia as a potential therapeutic approach for treating chronic demyelinating diseases. Our and others' recent studies also show that Trans-activation of transcription (TAT), a cell-penetrating peptide, could help the therapeutic molecules penetrating bloodbrain barrier and cell membrane (Yu et al., 2010) . So, it will be interesting to administer the TAT-MSX3 fusion peptide intravenously to explore whether this peptide could drive microglia in situ to M2 polarization and to promote remyelination in CNS demyelinated lesions.
Understanding the mechanism of the MSX3 functioning in microglia would advance our knowledge of the brain patrol cells and be valuable for MS treatment in the future. Our ChIP experiments demonstrated a direct interaction of MSX3 with the promoters of Jak3, Stat6, and Pparg. These molecules are key signal transducers that mediated M2 polarization. For example, IL-4 signaling is primarily mediated through the JAK-STAT6 pathway, which involves sequential phosphorylation of the IL-4 receptor complex, JAK1/3, and STAT6 (Martinez et al., 2009) . We found that MSX3 increased JAK3 and STAT6 expression. MSX3 also induces the STAT6 activation by phosphorylation of STAT6. The increased phosphorylation of STAT6 may be attributable to increased STAT6 or JAK3 levels after MSX3 overexpression. IL-4 can also induce PPAR␥ expression through STAT6 (Huang et al., 1999) , and transcriptional synergy between STAT6 and PPAR␥ is required for the full expression of M2 markers (Chawla, 2010) . We found that MSX3 was not only essential but also sufficient in upregulating PPAR␥ expression. The direct regulation of PPAR␥ and indirect regulation through STAT6 may contribute to PPAR␥ upregulation after MSX3 overexpression. Previous studies also revealed PTPN1 and C/EBP␤ as M2 regulators. PTPN1 was a negative regulator of IL-4-induced STAT6 signaling (Lu et al., 2008) . C/EBP␤ was induced by Toll-like receptor ligands or by CREB (cAMP-responsive element-binding protein) and was responsible for M2 gene expression (Ruffell et al., 2009) . However, in the present study, the ChIP analysis did not show direct interactions of MSX3 with these two genes.
Our conditioned medium studies indicated that this M2 celldriven regenerative response was mediated, at least in part, by secretion of the IGF-1 and activin-A. Though we cannot exclude the effects of other factors secreted by MSX3-overexpressed microglia, our finding highlights these two factors as potential critical secreted factors for the CNS myelin regeneration.
We conclude that Msx3, which is a particularly upregulated homeobox gene in M2 microglia, is a key element in microglia M2 polarization that is involved in the induction of key M2 pathway signal transducers, including Jak3, Stat6, and Pparg. MSX3-transduced microglia protects from inflammation-induced neurodegeneration and demyelination and facilitates remyelination. Here, we found that microglia, as a component of the innate immune response regardless of changes to the blood-brain barrier, was sufficient to polarize to the M2 phenotype. However, we do not exclude a possibility that MSX3 has a similar effect on the peripherally derived macrophages that enter the CNS after demyelination. In fact, we found the MSX3-transduced peritoneal macrophages could be polarized to the M2 phenotype in vitro, by upregulating the mRNA level of CD206 (Z. Yu, unpublished data). The effect of MSX3 on the macrophages needs to be further determined in vivo.
The results of our present study identify a new homeobox protein-dependent mechanism in microglia polarization and support the use of this homeobox transcription factor for therapeutic approaches targeting pathologies that are associated with microglia polarization, including MS, Alzheimer's and Parkinson's diseases, and CNS trauma.
